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Pure nuclear quadrupole resonance (NQR) spectroscopy at low frequencies (down to 275 kHz) 
has been used to investigate a number of borate, aluminate, and vanadate crystalline compounds and 
borate glasses. The values of the quadrupole coupling constants (Qcc) and asymmetry parameters (rj) 
are obtained with error limits that are one or two orders of magnitude less than those for values 
obtained from N M R spectra. New sites, not resolved in N M R spectra, have been detected for boron 
in borate glasses. 

Introduction 

A Robinson-type [1, 2] regenerative spectrometer 
has recently been developed [3, 4] that is very sensitive 
at relatively low frequencies (currently down to about 
250 kHz). This instrument is being used to detect the 
NQR spectra of various elements (e.g. B, AI, Sc, V, Ga) 
in glasses and crystalline solids. Initial and recent re-
sults of these studies are reported in the following 
section. All of the data were obtained at 77 K unless 
otherwise noted. 

where Qcc is the quadrupole coupling constant e2qQ 
and rj is the asymmetry parameter. The small response 
above 1400 kHz is one of the 10B responses, and is 
shown in greater detail in Figure 2. The latter spec-
trum was obtained by running the spectrometer with 
a much larger gain setting than that used in obtaining 
the spectrum in Figure 1. Since the spin of 10B is I = 3, 
there can be as many as 13 NQR responses [5] from 
10B in a single site in a boron-containing solid (see 
Figure 3). The natural isotopic abundance of 10B is 
18.8% as compared to 81.2% for n B . 

Polycrystalline Solids 

The n B NQR response for crystalline B 2 0 3 at 
77 K is displayed in Figure 1. The resonance, located 
at 1351.5 + 0.1 kHz, has a signal-to-noise ratio (S/N) 
of more than 100. Since the spin of n B is 3/2, there is 
only one resonance, located at 

V = 2 
Ö« / . . I2 

1 + f , 
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Fig. 1. Boron NQR spectrum for crystalline B 2 0 3 . 
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Fig. 2. The features of Fig. 1 displayed with a greatly ex-
panded vertical scale. 

v 

Qcc(10B) 

V 
Fig. 3. 1 0B (spin / = 3) NQR frequencies (in units of Qcc). 

Since (1) involves both Qcc and rj in the expression 
for the single transition frequency, values of the two 
parameters cannot be obtained from the X1B reso-
nance. But the observed transitions for 10B (see the 
examples in Figs. 2 and 4) can be used with the data 
displayed in Fig. 3 to obtain those values. For n B in 
crystalline B 2 0 3 one finds [4] at 77 K that ÖCC(1JB) 
= 2701.1 ±0.2 kHz and >/ = 0.0669 + 0.0004. The values 
at 300 K are 2682.6 + 0.5 and 0.071 +0.001 [6]. (Note 
that ß c c ( 1 0B)/e cc(UB) = 2.084 + 0.002 [4].) 

The boron atoms in crystalline B 2 0 3 are in the 
center of planar triangles of oxygens [7-9]. The 

Fig. 4. A 1 0B NQR response from the spectrum for crys-
talline B 2 0 3 at 77 K. 

known range of Qcc values for this configuration is 
2.4<QC C<2.9 MHz with r] values generally smaller 
than 0.2 if the triangles are symmetric (e.g. the three 
oxygens are each bonded to a boron outside the tri-
angle as in crystalline B 2 0 3 ) and larger than 0.4 if the 
triangles are asymmetric (e.g. having one or two non-
bridging oxygens). 

The detection of many of the 10B NQR transitions 
in a borate material is illustrated by the case of cal-
cium metaborate [6]. Figure 5 displays eleven 10B re-
sponses that are consistently present in repeated 
acquisitions of the NQR spectra. A fit of these reso-
nance frequencies to the data displayed in Fig. 3 yields 
ß c c(1 0B) = 5406.5 ± 1 kHz, QccCXB) = 2594.3 ±0.5 kHz, 
and r] = 0.515 + 0.001. The boron atoms in this mate-
rial are in asymmetric BOa triangles having two 
bridging and one non-bridging oxygen (Fig. 6), which 
gives rise to the large asymmetry parameter. 

The structural units in crystalline borates (Fig. 7) 
are made up of BOa triangles and B 0 4 tetrahedra; in 
the latter case, the boron atom is in the center of the 
tetrahedron of oxygens. For the four-coordinated 
borons, the values of Qcc are low because of the tetra-
hedral symmetry. All of the previously reported values 
are such that 0 < Ö c c ( n B ) < 8 0 0 kHz. A value of 
527 + 6 kHz, with rj = 0.53 + 0.04 has recently been de-
duced [4] from combined NMR and NQR n B data 
for 1XB in the tetrahedral site (see Fig. 7) in lithium 
diborate (L i 2 0 • 2 B 20 3 ) . An unusual case is that of 
the compound PbO • 2 B 2 0 3 (lead diborate) which is 
known [10, 11] to contain only B 0 4 units. The n B 
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Fig. 5. n B and 1 0B NQR spectra of C a 0 - B 2 0 3 at 77 K, the U B line is driven off scale in order to show the 10B lines. 

Fig. 6. A portion of the (B02)" chain in calcium metaborate; 
the non-bridging oxygen is negatively charged. 

NQR spectrum (Fig. 8) contains two responses, show-
ing that there are two different boron sites in this 
material. NMR spectra for the narrow U B resonance 
in this material provide additional information on the 
quadrupolar interaction [6]. Together, the NQR and 
NMR date yield the values shown in Table 1. A search 
for 10B responses in a 10B-enriched sample may yield 
much more accurate values of Qcc and rj. (Most of the 
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Table 1. n B quadrupole parameters for crystalline 
PbO • 2 B 2 0 3 . 

BO4 <2cc ( k H z ) V 

Site 1 805 + 5 0.90 + 0.03 
Site 2 960 ± 5 0.05 + 0.03 

10B NQR responses for borates are below the X1B 
resonance (Fig. 3) and are difficult to detect when the 
U B response is at a low frequency.) 

n B and 27A1 share the characteristic of being im-
possible or extremely difficult to detect with pulsed 
NQR spectrometers, apparently because of extremely 



34 P. J. Bray et al. • NQR Studies of the Structure of Glasses and Crystalline Compounds 34 

3 5 0 4 0 0 4 5 0 

KHz 
Fig. 8. n B N M R of P b O - 2 B 2 Q 3 at 77 K. 
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Fig. 9. 27A1 NQR response for corundum (a-Al 20 3) at 77 K. 

Table 2.27A1 quadrupole parameters for corundum (a-Al2Q3). 

Studies Öcc (MHz) 1 

NQR study 2.386 + 0.002 0.034 + 0.016 
NMR study 2.40 ±0 .03 0 

5 0 0 5 5 0 

short relaxation times. But 27A1 is just amenable as 
U B to detection with CW NMR instruments. Figure 9 
displays the two NQR responses expected for this spin 
/ = 5/2 nucleus in the single site in corundum (oc-Al203). 
The signals are strong, even at 360 kHz, and yield the 
values of Qcc and r] displayed in Table 2. Included in 
Table 2 are the parameters found in an earlier NMR 
study [12]. Since the visible quadrupolar effects in an 
27A1 NMR spectrum are generally of second-order, 
the spectrum is relatively insensitive to all but large 
changes in Qcc and r]. Clearly, much more accurate 
values can be obtained from the NQR responses. It is, 
in fact generally true that NQR can provide an in-
crease in accuracy by an order of magnitude or more 
over Qcc and t] values obtained from the first-order or 
second-order effects of the quadrupolar interaction on 
the NMR spectrum. 

NQR spectra have recently been obtained [13] 
for 27A1 in the three crystalline forms of Al2SiOs or 
(A1203 • Si02). Figure 10 displays the responses for 
the A104 and A106 sites in sillimanite. The frequencies 
yield the values given in Table 3. Similar accuracy has 
been attained [13] in the quadrupolar parameters for 
the 5- and 6-coordinated aluminum sites in andalusite 
and the four 6-coordinated sites in kyanite. 
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Table 3.27A1 quadrupolar parameters for sillimanite at 77 K. 

Site Qcc (MHz) 1 

AIO4 6.7867 + 0.0030 0.5254 + 0.0011 
AIO6 8.7409 ± 0.0020 0.4884 ± 0.0006 

Fig. 10. 27A1 NQR responses for sillimanite (Al2Si05) at 
77 K. 

The quadrupolar parameters for 51V in a number of 
metavanadates have previously been obtained from 
NMR spectra [14]. More accurate values are now 
available from NQR measurements [6, 15]. Figure 11 
displays two of the three 51V responses expected for 
this spin I = 7/2 nucleus in ammonium metavanadate 
(NH 4V0 3) . A search at higher frequencies has not 
detected the third response, which may then be in the 
250-300 kHz region. Modification of the spectrome-
ter will be required for satisfactory operation in that 
frequency region. All of the responses have been de-
tected in the sodium and potassium metavanadates. 
Table 4 summarizes the data for the three compounds 
studied. 

Included in Table 4 are values of Qcc and q previ-
ously determined [14] from a 51V NMR study. The 
large improvement in accuracy achieved using NQR 
is apparent. (The lower accuracy of NQR-derived val-
ues for N H 4 V 0 3 reflects the fact that only two NQR 
responses were detected.) 

Glasses 

NMR has been used for some 35 years to investi-
gate the studies of glasses [16], with much attention 

7 7 K 

Fig. 11. 51V NQR of N H 4 V 0 3 at 77 K. 
300 700 
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Fig. 12. n B NQR responses from vitreous B 2 0 3 at 77 K. 

Table 4 . 5 1 V quadrupole parameters for three metavanadates. 

Qcc (kHz) 
1 

NMR (300 K) NQR (300 K) NQR (77 K) 

KVO 3 4360 + 60 
75 ±0.10 

4201 + 2 
0.794 ± 0.001 

4207+2 
0.877 ± 0.001 

NaV0 3 3650 + 60 
0.60 ±0.10 

3745 + 3 
0.489 ± 0.003 

3725 + 2 
0.587 ± 0.001 

NH 4 VO 3 2880 + 60 
0.30 ±0.10 

2975 + 20 
0.437 ± 0.020 

2868 + 5 
0.363 ±0.013 

focusing on n B and 10B spectra for borate glasses 
[17]. But low-frequency NQR studies can now yield 
quadrupolar parameters of much higher accuracy and 
obtain data not available from NMR studies (e.g. Qcc 

and rj for borons in tetrahedral B 0 4 units for which 
0 < ß c c < 8 0 0 k H z . ) 

Figure 12 displays the two 1 *B responses for vitreous 
boron oxide (B203). The responses are unexpectedly 
narrow (widths < 30 kHz) in light of the broad distri-
bution in the values of the electric field gradient (EFG) 
components and Qcc values expected for glasses. (The 
single feature most commonly used to describe the 
difference between crystalline and vitreous states of 
matter is the random arrangements of atoms and 
chemical bonds in glasses.) The only previous NQR 
study [18] of glasses involved 7 5As in arsenic chalco-
genides revealed linewidths of 7 MHz or more, pre-
cluding resolution of resonances from different sites. 
In contrast to the distribution in Qcc values of 10% in 

1200 1250 1300 1350 1400 1450 1500 
kHz 

Fig. 13.1 1B NQR for a glass of composition 0.15 N a 2 0 - B 2 0 3 
referenced to vitreous B 2 0 3 at 77 K. 

AS2S3, the distribution smaller than 2% in borate 
glasses. 

The larger of the two responses in Fig. 12 is quite 
near the location of the single n B response for crys-
talline B 2 0 3 (see Fig. 1) and is believed to arise from 
BO 3 units in boroxol structural groupings (see Fig. 7), 
which have been identified by some investigators [19, 
20] as the principal structural groupings in the glass. 
The smaller response may arise from B 0 3 in other 
borate structural groupings (see Figure 7). 

The pioneering explorer of borate structures by in-
frared spectroscopy, Jan Krogh-Moe [21] proposed a 
structural model of borate glasses as consisting of 
mixtures of the structural groupings (Fig. 7) from the 
crystalline compounds. This is a significant modifica-
tion of the conventional random network model 
which would envision a random arrangement of B 0 3 

and B 0 4 units in the glass. The current NQR studies 
of borate glasses are focused on assessing the validity 
of the Krogh-Moe model. Figure 13 displays the n B 
spectrum [22, 23] for a glass of molar composition 
0 . 1 5 N a 2 0 - B 2 0 3 , along with the spectrum from 
Fig. 12 for pure vitreous B 2 0 3 . There are clearly at 
least three peaks in the sodium borate glass, of which 
two may be the same as those found in vitreous B 2 0 3 . 
[One would not expect to find exact agreement of the 
frequencies for B 0 3 units in structural groupings 
common to the crystalline compounds (e.g. boroxol, 
tetraborate, diborate; see Fig. 7) and the glasses. The 
randomness in the glass structure would arise from 
random bondings among the various structural 
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Fig. 14. n B N Q R responses for vitreous 2 N a 2 0 - B 2 0 3 at 
77 K. 

groupings in a glass, giving rise to some alterations in 
the EFG's (and thus the Qcc values) for the borons in 
the groupings. This would produce the distributions 
of Qcc values in the glasses (which produce the wider 
lines in the glasses as compared to the crystals; com-
pare Figs. 1 and 12) and could produce shifts in the 
peak frequencies comparable to the linewidths for the 
glasses.] Earlier NMR studies [24] of lithium borate 
glasses by NMR, with analysis of the spectra based on 
the Krogh-Moe model, would predict the presence of 
boroxol, tetraborate, and diborate groupings in the 
0.15 N a 2 0 - B 2 0 3 glass. NQR spectra for glasses span-
ning the region of glass formation in the N a 2 0 - B 2 0 3 

and L i 2 0 - B 2 0 3 systems, and for all of the crystalline 
compounds in those systems, are currently being se-
cured, so that comparisons of the n B resonance fre-
quencies for the glasses and crystals can be made. If 
the degree of correspondence favors the Krogh-Moe 
model, the 10B spectra for 10B-enriched samples will 
be secured for a comparison of the highly accurate 
values of Qcc and 77. 

Figure 14 displays n B NQR responses for B 0 3 in 
a sodium pyroborate glass ( 2 N a 2 0 • B 20 3) . The 
Krogh-Moe model would predict the pyroborate 
structural grouping to be dominant in this glass, with 
some orthoborate and metaborate groupings. Qcc for 
the orthoborate groubing is known [25] to be larger 
than the Qcc values for other groups. One tentatively 
assigns, then, the lower frequency response to the 
pyroborate grouping and the one above 1400 kHz to 
the orthoborate. 

k H z 

Fig. 15.1 1B NQR response from B 0 4 units in polycrystalline 
lithium diborate ( L i 2 0 • 2 B 2 Q 3 ) at 77 K. 

-i 1 1 1 I I i i I I I I I I I I I 
600 650 700 750 800 

kHz 
Fig. 16. NQR responses for vitreous L i 2 0 - B 2 0 3 in the 
700 kHz region at 77 K. 

The n B response from B 0 3 units reflects the obser-
vation that 2.4 < Qcc < 2.9 MHz for all borates investi-
gated by NMR and NQR. NQR responses can occur, 
then, in the region from about 1200 to 1675 kHz (see 
(1)). The NQR spectra for B 0 4 units may provide an 
even more accurate identification of structural group-
ings in glasses since the accumulated NMR data yield 
0<(2CC<800 kHz for B 0 4 units in borate structural 
groupings. With the detection of the U B NQR re-
sponses in the 400-500 kHz region for crystalline 
PbO • B 2 0 3 (Fig. 8), this range is appropriately ex-
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t e n d e d so t h a t 0 < Q c f < 1100 k H z . T h i s b r o a d r ange 
p r e s u m a b l y reflects the sensit ive d e p e n d e n c e of the 
q u a d r u p o l a r p a r a m e t e r s to d i s t o r t i o n s (asymmetr ies ) 
of t he B 0 4 t e t r a h e d r a . T h o s e d i s t o r t i o n s can vary 
s t rong ly a m o n g B 0 4 un i t s in d i f fe ren t s t r u c t u r a l 
g r o u p i n g s . T h e n B N Q R re sponse n e a r 275 k H z for 
the B 0 4 un i t s in c rys ta l l ine L i 2 0 • 2 B 2 0 3 is s h o w n in 
F i g u r e 15. M o d i f i c a t i o n s of the N Q R s p e c t r o m e t e r 
(cur ren t ly in p rogress ) to ach ieve g r ea t e r sensi t ivi ty a t 
low f requenc ies s h o u l d yield spec t r a d o w n to or 
b e l o w 150 k H z . 

T h e r a n g e of va lues fo r Qcc in B 0 4 un i t s m u s t a p -
p a r e n t l y be ex t ended to even l a rge r va lues ba sed o n 
the recent d i scovery [26, 27] of a n B r e s o n a n c e a t 
687 k H z in v i t r eous l i t h i u m m e t a b o r a t e (F igu re 16). 
(The o t h e r poss ib le r e s p o n s e s in Fig . 16 m a y ar ise 
f r o m 1 0B.) F r o m (1), t he Qcc va lue fo r th i s r e s p o n s e lies 
be tween 1190 a n d 1374 k H z . Iden t i f i c a t i on of t he un i t 
r e spons ib le fo r this r e s o n a n c e h a s n o t b e e n m a d e , b u t 
the re a re r e a s o n s to p o s t u l a t e a B 0 4 un i t w i th a n o n -
b r idg ing oxygen , w h i c h w o u l d c o n s t i t u t e a n excep t ion 
to the genera l K r o g h - M o e mode l . 
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